Recent data from human and mouse studies strongly support an indispensable role for steroid receptor coactivator-2 (SRC-2)-a member of the p160/SRC family of coregulators-in progesterone-dependent endometrial stromal cell decidualization, an essential cellular transformation process that regulates invasion of the developing embryo into the maternal compartment. To identify the key progesterone-induced transcriptional changes that are dependent on SRC-2 and required for endometrial decidualization, we performed comparative genome-wide transcriptional profiling of endometrial tissue RNA from ovariecto-
INTRODUCTION
To establish placentation, the endometrial stromal cell layer must first decidualize to enable successful invasion of the developing embryo into the maternal compartment [1] [2] [3] . While endometrial decidualization requires the coordinated actions of ovarian estradiol (E2) and progesterone (P4), increasing evidence from human and mouse studies supports a crucial role for transcriptional coregulators (coactivators and corepressors) in this cellular transformation process [4] [5] [6] [7] [8] . One such coregulator is steroid receptor coactivator-2 (SRC-2; also known as NCOA-2, GRIP-1, and TIF-2), which has been shown to play a pivotal role in progesterone-dependent endometrial decidualization [9] [10] [11] .
A member of the p160/SRC family of coactivators, SRC-2 (as with SRC-1 and -3) exerts potent pleiotropic controls on a wide spectrum of physiological systems, ranging from metabolic homeostasis to male reproductive biology to mammary gland morphogenesis [9, 12, 13] . In keeping with this pleiotropy, clinical and mouse studies have shown that dysregulation of SRC-2 is causally linked to myriad clinicopathologies, including glycogenopathy [14] , prostate cancer [15] , and childhood leukemias [16, 17] (the latter due to chromosomal translocations at the SRC-2 locus). In female reproductive biology, studies have implicated a requirement for SRC-2 in a number of normal cellular processes of the uterus as well as in the etiopathogenesis of this tissue [9, 11, [18] [19] [20] . In normal endometrial function, we have revealed that endometrial SRC-2 plays a central role during the early stages of P4-dependent stromal cell decidualization [11] . Specifically, ablation of SRC-2 in cells of the murine uterus or knockdown in primary human endometrial stromal cells (hESCs) in culture results in a block in P4-dependent transformation of a stromal fibroblast cell into a polygonal epithelioid decidual cell, an essential underpinning of the decidualization progression program at the cellular level.
As a first step toward gaining mechanistic insight into SRC-2's involvement in this cellular process, our recent metabolome profiling reveals that SRC-2 in the endometrial stromal cell is essential for acceleration of the glycolytic flux by P4 [11] , a prerequisite metabolic reprogramming step that fuels the decidual response. While this profiling approach provides essential metabolic insight into SRC-2's role in endometrial stromal cell function, information cannot be obtained on P4-responsive transcriptional changes that are dependent on SRC-2 but distinct from metabolic signaling. To address this issue, we applied high-density oligonucleotide microarray analysis to identify an acute P4-responsive transcriptome in the murine uterus that is both dependent on SRC-2 function and critical for decidualization. Representing less than 13% of the genome-wide P4-responsive transcriptome, we identified a subset of P4-responsive genes that are dependent on SRC-2 expression. Remarkably, many genes previously reported to mediate P4-driven decidualization are contained within this SRC-2-dependent transcriptome, underscoring the importance of SRC-2 in this endometrial process. Mining this transcriptome for novel genes-and, in particular transcription factors-we reveal transcription factor 23 (TCF23) as a critical basic-helixloop-helix (bHLH) transcription factor required for human endometrial stromal cell decidualization.
MATERIALS AND METHODS

Mice and Hormone Treatments
Mice were housed within a vivarium maintained at Baylor College of Medicine with a 12L:12D recurrent photocycle. Mice were treated humanely and surgical procedures performed in accordance Institutional Animal Care and Use Committee. The PR
) bigenic mouse, in which SRC-2 expression is abrogated selectively in progesterone receptor (PR)-positive cells, was generated as previously described [9, 21] . Control mice used in these studies included SRC-2 flox/flox (SRC-2 f/f ) siblings in which the SRC-2 allele is floxed [13] ; progesterone receptor knockout (PRKO) mice served as additional controls [22] . To detect early transcriptional responses to P4, 6-wk-old mice were ovariectomized before resting for 2 wk to remove ovarian-derived steroid hormones. Following 2 wk of rest, mice received a single subcutaneous injection of 1 mg of P4 (Sigma-Aldrich) in 100 ll of sesame oil; corresponding vehicle controls received 100 ll of sesame oil. Six hours following the P4 or vehicle injection, mice were euthanized for tissue collection.
Microarray Analysis
Microarray analysis was performed using 18 SRC-2 f/f (controls) and 18
Hormone treatments were performed as explained above. Six hours postinjection, uteri from each mouse group were collected for total RNA isolation using the RNeasy total RNA isolation kit (Qiagen Inc.). Total RNA from three mice per genotype per treatment were pooled and assigned as one sample (three samples per genotype per treatment). The integrity and quality of all RNA samples were analyzed with a Bioanalyzer 2100 (Agilent Technologies) before microarray hybridization. Fragmented cRNA was hybridized to Affymetrix Mouse Genome 430 2.0 Arrays (Affymetrix). The quality of the arrays was assessed using Microarray Suite version 5.0 software (MAS 5.0; Affymetrix); array data have been deposited in the Gene Expression Omnibus database (www-ncbi-nlm-nih-gov.ezproxyhost. library.tmc.edu/geoprofiles [GSE31406]). Affymetrix CEL files were processed using dChip software (www.dchip.org) based on a perfect match and mismatch model. Probe sets with an average signal of ,40 units across profiles were filtered from the analysis. Two-sided t-tests and fold changes (using logtransformed values) were carried out to define differentially expressed genes [23] . Genes were clustered using supervised methods previously described [23] [24] [25] [26] . Java Treeview software was used for representing changes in gene expression patterns as color maps [23, 27] .
Human Endometrial Stromal Cell Isolation
Following receipt of written informed consent, endometrial tissue was biopsied from healthy patients during the proliferative phase of their menstrual cycle in accordance with the guidelines of the Declaration of Helsinki and the Institutional Review Board at Baylor College of Medicine [28] ; hESCs were isolated from endometrial tissue biopsies and cultured as previously described [11] . Briefly, endometrial biopsy tissue was digested in DMEM/F12 medium containing collagenase (2.5 mg/ml [Sigma-Aldrich]) and DNase I (0.5 mg/ml [Sigma-Aldrich]) for 1.5 h at 378C. Following tissue digestion, lymphocytes were removed and hESCs isolated using the Ficoll-Paque reagent layer (GE Healthcare Biosciences). Collected hESCs were then resuspended in DMEM/F-12 media containing 10% FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin (hESC media) and cultured as per standard tissue culture procedures [11, 29] . Studies were carried out using primary hESCs derived from at least three individual subjects, and only hESCs propagated through no more than four passages were used in these experiments.
Quantitative Real-Time PCR Total RNA was isolated from mouse uteri or hESCs using the RNeasy total RNA isolation kit (Qiagen). One microgram of total RNA was reverse transcribed to cDNA using the TaqMan Reverse Transcription kit (Applied Biosystems) following the PCR reaction conditions: 10 min at 258C, 30 min at 488C, and 5 min at 958C. Quantitative real-time PCR analysis was performed using ABI Prism 7700 sequence detection system with TaqMan 23 master mix and validated primers (Applied Biosystems). Ribosomal RNA (18S) was used as an internal control for gene-specific primers and validated primers. Primer sequences used in these studies are shown in Table 1 .
Decidualization of hESCs and siRNA Transfection
All siRNA transfections were carried out in triplicate when hESCs reached 60%-70% confluency per well of a six-well culture plate. Smart pools of siRNAs targeting SRC-2 (NCOA-2 [L-020159-00-0005]) and TCF23 (L-005643-00-0005) were used in these studies (Thermo Scientific, Dharmacon RNAi Technologies); nontargeting siRNA (D-001810-10-05) was used as a negative control. Each siRNA was transfected in 13 Opti-MEM I reducedserum media (Invitrogen Corporation) using Lipofectamine 2000 reagent, and after 5 h, transfection media was replaced with hESC media. Forty-eight hours later, in vitro decidualization of hESCs was initiated by treating hESCs with decidualization or EPC media (13 Opti-MEM I reduced-serum media containing 2% fetal bovine serum [FBS], 17b-estradiol [E2; 100 nM], medroxyprogesterone acetate [MPA; 10 lM; Sigma-Aldrich], and 8-bromo cAMP [50 lM; Sigma-Aldrich]). [29] . The day that hESCs first received EPC media was assigned as Day 0, and EPC media was renewed every 2 days. At appropriate time points as per experimental conditions, total RNA was isolated and subjected to quantitative real-time PCR. Transcript levels of established decidualization markers, prolactin (PRL) and insulin-like growth factor binding protein-1 (IGFBP-1), were determined as molecular determinants of decidualization [29] .
Statistical Analysis
Statistical analyses of data were performed using the two-tailed Student ttest with the Instat Tool package version 3.0 (GraphPad Inc.); results were considered statistically significant with a P-value ,0.05.
RESULTS
Identification of a Progesterone-Responsive Transcriptome in the Murine Endometrium That Is Dependent on SRC-2
To advance endometrial decidualization, correct P4 responsiveness of the endometrial stromal cell requires SRC-2 function [9, 11] . Therefore, to identify the key P4-responsive transcriptional changes that require SRC-2 to drive complete stromal decidualization, we conducted a comparative microarray analysis of whole uterine tissue derived from ovariectomized SRC-2 f/f (control) and SRC-2 d/d (SRC-2-depleted) mice acutely treated with P4. Previously, we have used variations of this hormone treatment model to uncover decidual genes acutely responsive to P4 [30] [31] [32] . For this microarray study, total RNA was prepared from whole uterine horns dissected from 8-wk-old SRC-2 f/f and SRC-2 d/d mice 6 h after receiving a subcutaneous injection of P4 (1 mg); all mice were TABLE 1. Sequences of quantitative real-time PCR primers used to assess transcript levels of human and mouse uterine genes.
Gene
Catalog no.
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ovariectomized at 6 wk of age (Fig. 1A) . To serve as vehicle controls, total uterine RNA was prepared from both genotype groups 6 h following an injection of sesame oil (see Materials and Methods). Microarray analysis was performed on total RNA from each genotype and treatment group using the Affymetrix GeneChip Mouse Genome 430 2.0 Array. The GeneChip contains an array of more than 45 000 probe sets covering over 34 000 verified mouse genes. Extensive bioinformatic analysis revealed the following expression data matrices of uterine genes: 1) unique genes induced or repressed in control SRC-2 f/f mice by P4 alone (the P4-responsive transcriptome; Supplemental Tables S1 and S2 ; Supplemental Data are available online at www.biolreprod.org), and 2) unique P4-regulated genes induced or repressed in a SRC-2-dependent manner (the P4-responsive transcriptome dependent on SRC-2 [red vertical line represents ;13% of the P4-responsive transcriptome; Fig. 1B ; Tables 2 and 3; Supplemental Tables S3 and S4] ). In accordance with the known transcriptional induction and repression responses elicited by P4 exposure in the murine uterus and other tissues [23, 31] , an equivalent number of uterine genes were induced ( 
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uterus. Surprisingly, the transcript levels of only a small subset of P4-regulated genes (;13%) were significantly changed with SRC-2 depletion (205 unique genes, which includes induced and repressed; Fig. 1C ; Tables 2 and 3; Supplemental Tables  S3 and S4) . Importantly, although the number of genes in this subset is small, a significant number of key genes previously linked to P4-dependent decidualization are present in this subset [11, 33, 34] (Tables 2 and 3) . The divergent signals projected by these established target genes, along with their importance to P4-dependent decidualization and their dependency on SRC-2 function, support SRC-2 as a pleiotropic coregulator in this uterine process at the molecular level [9, 11, 35] . To validate our microarray analysis, we determined the transcript levels of a number of these previously reported P4 targets using uterine total RNA isolated from a separate cohort of ovariectomized SRC-2 f/f and SRC-2 d/d mice treated for 6 h with P4 or vehicle. Total uterine RNA from similarly treated PRKO mice was included as a negative control (Fig. 2) . As validation of our microarray analysis, previously reported P4-responsive genes in murine uterus, such as Amphiregulin (Areg) [36] , Cytochrome P450, family 26, subfamily a, polypeptide 1 (Cyp26a1) [31] , ERBB receptor feedback inhibitor 1 [37] , FK506 binding protein 5 (Fkbp5) [38] , Interleukin 13 receptor, alpha 2 (Il13ra2) [37] , 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase3 (Pfkfb3) [11] , are significantly induced by P4 in the uterus of the SRC-2 f/f control mouse (Fig. 2) . In contrast, P4 induction of these genes is markedly attenuated in the SRC- Having demonstrated a crucial role for SRC-2 in the induction of established P4 targets in the murine uterus, we next mined the SRC-2-dependent P4 transcriptome for novel genes required for endometrial decidualization. Mining for significantly enriched gene ontology (GO) terms, we revealed functional gene classes involved in a plethora of physiological processes, ranging from the biosynthesis of nucleotides and amino acids to reproductive development (Fig. 3A) . Interestingly, analysis of gene clusters with similar protein domain(s) revealed a significant enrichment for genes that contain the bHLH DNA binding domain (Fig. 3B) . As bHLH proteins belong to a family of transcription factors that play a major role in development and differentiation [39] , we focused further on this protein class. Intriguingly, transcription factor 23 (Tcf23) is the most significantly down-regulated bHLH gene in the P4-responsive transcriptome when SRC-2 is depleted (Fig. 3C) . Because of the specific transcription of Tcf23 in the murine ovary, uterus, and testis (Tcf23, also known as OUT) [40, 41] , we further evaluated this transcription factor in terms of its responsiveness to P4, dependency on SRC-2, and importance to endometrial stromal cell decidualization.
Progesterone Induction of Tcf23 Transcription in the Murine Endometrium Requires SRC-2
To determine if Tcf23 transcription in the murine endometrium is induced by P4 and dependent on SRC-2, transcript levels of Tcf23 were determined in uteri from ovariectomized SRC-2 f/f , SRC-2 d/d , and PRKO mice treated for 6 h with P4. As shown in Figure 4A , P4 significantly induced the transcription KOMMAGANI ET AL.
of Tcf23 in the uterus of the SRC-2 f/f ; however, this induction is markedly reduced in the SRC-2 d/d and PRKO mouse. These results reveal that P4 induction of Tcf23 transcription requires SRC-2 in the murine endometrium. Importantly, TCF23 transcription also is significantly induced during P4-dependent decidualization of hESCs; again, TCF23 induction requires SRC-2 expression in this cell type (Fig. 4B) . However, given that diverse set of factors, including micro-RNAs, have been implicated in progesterone action in female reproductive biology, it is fascinating to test whether micro-RNAs can potentially target Tcf23 in uterus [42] .
Human Endometrial Stromal Cell Decidualization Requires TCF23
Because a knockout mouse model for Tcf23 is not available, we used an established hESC culture system [11] to test the functional importance of TCF23 in P4-dependent decidualization. While primary hESCs decidualize over a 6-day culture period in response to EPC media [11] , TCF23 knockdown resulted in a block in hormone-dependent hESC decidualization at the cell and molecular levels (Fig. 5) . Compared to control cells, hESCs with knockdown of TCF23 fail to transform from a fibroblastic to an epithelioid morphology that typifies full hESC decidualization [43] (Fig. 5A) . The difference in cell morphology is reflected at the molecular level by a significant reduction in the induction of the PRL and IGFBP-1 decidual differentiation markers when TCF23 levels are reduced (Fig. 5, B and C) . Collectively, these findings highlight an evolutionary conserved regulation of TCF23 by SRC-2 in the endometrial stromal cell and an indispensable role for this transcription factor in the endometrial decidual progression program. Moreover, these results underscore the utility of the SRC-2-dependent P4-responsive murine endometrial transcriptome as a powerful informational resource to prioritize new coregulator-dependent molecular signals that are critical for endometrial stromal cell decidualization.
DISCUSSION
Prior to hemochorial placentation, the endometrial stromal compartment undergoes a type of mesenchymal-to-epithelial transition, termed decidualization, in which stromal fibroblasts transform into transient epithelioid decidual cells [1] . Apart from providing a protective and immunotolerant environment for embryo development, the decidualized stromal cell layer is thought to regulate invasion of the embryonic trophoblast to a sufficient depth to enable fetoplacental circulation between the chorionic villi and the maternal intervillus space [44] . Therefore, because of the importance of the decidualized stroma to the establishment of the maternofetal interface, inadequate endometrial decidualization is considered a critical-yet understudied-causal factor for recurrent implantation failure and early embryo miscarriage in the human [45, 46] . Currently, our understanding of the key molecular underpinnings of endometrial stromal cell decidualization is rudimentary, a knowledge gap that threatens to undercut future improvements in the diagnosis and treatment of a nonreceptive uterus or a uterus with a poor capacity for decidualization.
In previous reports, we demonstrated that progesteronedriven decidualization requires SRC-2 [11] , a member of a coregulator class known to act as potent modulators of transcriptional signaling cascades initiated by both nuclear , and PRKO mice, previously treated with either sesame oil (vehicle control) or P4 for 6 h. Transcript levels of P4-responsive genes, Ihh and Ptgs2, were not altered by SRC-2 depletion in the murine endometrium. Error bars represent the mean standard error (6SEM); *P , 0.05, **P , 0.01; ***P , 0.001; and ****P , 0.0001. Note: the statistically insignificant value is indicated as ns (not significant).
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receptor and nonnuclear receptor transcription factors [47] . The present study reveals that endometrial SRC-2 is essential for the full induction by P4 of a transcriptional profile in which a number of the downstream signals have been previously shown to be required for endometrial stromal cell decidualization. Given that the majority of genes in this SRC-2-dependent transcriptional profile have not been previously reported to be involved in P4-dependent decidualization (Supplemental Table  S4 ), we used functional and structural domain analytic software to further subdivide this transcriptional profile in terms of transcription factors for which induction by P4 requires SRC-2 activity. This analytic approach revealed that members of the bHLH family of transcription factors are significantly represented compared to other transcription factor family members for which P4 induction is dependent on SRC-2. Further refinement of this analysis uncovered Tcf23 as the most prominent bHLH transcription factor based on P4 responsiveness and dependency on SRC-2.
This finding is significant since Tcf23 (or OUT) was previously shown to be transcriptionally expressed exclusively in the ovary, uterus, and testis of the adult mouse [40] , suggesting a potential role for this bHLH transcription factor in female and male reproductive biology. In keeping with its induction by P4, transcriptional studies demonstrated that Tcf23 is induced to its highest levels in the endometrium of the virgin mouse during the diestrus phase of the estrous cycle [40] , a stage of the cycle in which the ovarian corpus luteum synthesizes and secretes P4. While animal models and suitable antibodies are not currently available to study Tcf23 function and spatiotemporal expression dynamics in vivo, past in vitro investigations show that Tcf23 may control the functional activities of other bHLH-containing transcription factors [40] .
Sequence alignment shows that Tcf23 displays a high degree of sequence homology (exceeding 40% amino acid sequence identity in the bHLH domain) to bHLH factors that are expressed in tissues of mesodermal origin that exert potent 
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regulatory controls on cell-fate determination and differentiation [39] . Surprisingly, unlike the majority of bHLH transcription factors, Tcf23 fails to bind cognate E-box DNA sequences (CANNTG) but can form heterodimeric complexes with other E-box-binding bHLH transcription factors [40] . For example, MyoD (a myogenic tissue-specific class B bHLH transcription factor) and E12 (a ubiquitously expressed class A bHLH transcription factor) are prevented from forming functional homo-and heterodimers in the presence of Tcf23, leading to a block in E-box-mediated transactivation [40] . In the context of these studies, the data suggest that Tcf23 may act as a repressive bHLH factor similar to Twist or Mist1 [48, 49] .
Notwithstanding these findings, key questions remain in terms of the role of Tcf23 in endometrial stromal cell decidualization: 1) Does endometrial Tcf23 bind a DNA response element other than an E-box? 2) In controlling gene expression during the decidualization process, does Tcf23 act as an activator, repressor, or both? 3) What is the interacting partner(s) of Tcf23 in the endometrial stromal cell? For instance, can Tcf23 interact with Tcf15 (Fig. 3C) and/or heart and neural crest derivatives expressed 2 (Hand2)? A recently described bHLH transcription factor required for decidualization [50, 51] , Hand2 has yet to be matched with an endometrial interacting partner. 4) Does abrogation of Tcf23 in the mouse uterus cause 
a block in decidualization? An answer to this question awaits the generation of a suitable knockout mouse model. Despite these unanswered questions, our findings here provide proof of principle that identification of a new decidual gene from this SRC-2-dependent transcriptome not only will provide new perspectives on the mechanistic underpinnings of decidual SRC-2 function but also may furnish novel biomarkers or therapeutic targets in the future diagnosis or treatment of a nonreceptive uterus.
